Animal models and phase I clinical trials have shown that repeat virus delivery and subsequent transgene expression is limited by the generation of humoral and cellular immune responses directed towards the therapeutic vector. The presence of a pre-existing immune response may even prevent initial delivery. In order to determine the presence of pre-existing anti-adenovirus humoral immunity we analysed ascitic fluid, collected from the peritoneal cavity of patients with advanced ovarian cancer. Twelve ascitic fluid and four matched serum samples were examined. The titre and isotype of anti-adenovirus antibodies was determined by
Introduction
Adenovirus is a powerful tool for the treatment of cancer by gene therapy, in particular because of its ability to infect a broad range of tissues including both dividing and non-dividing cells. 1, 2 These properties can be further exploited by utilising regional delivery of adenovirus vectors in order to ensure high efficiency of gene delivery to the target tumour. Ovarian cancer remains confined to the peritoneal cavity for much of its history and as such offers an opportunity for local delivery of a therapeutic recombinant adenovirus vector via the intraperitoneal route. Ovarian carcinoma which has spread to the peritoneum can be accompanied by the formation of large amounts of ascitic fluid which is known to be associated with adverse outcome and is thought to arise by leakage from the circulation and lymphatic system, although the precise mechanism of ascites production is not well understood. [3] [4] [5] The composition of ascites can vary, ranging from an acellular fluid with a protein content similar to serum, to a fluid with large numbers of tumour cells and blood cells. Due to the relationship of ascites to serum, the possibility exists that prior exposure to adenovirus may lead to the presence of neutralising antibodies in ascites, which could compromise the delivery of therapeutic adenovirus vectors by this route. Because the peritoneum is not a natural target for adenovirus infection, the immune status of peritoneal fluid has not been extensively studied. This study was undertaken to examine the anti-adenovirus antibody status of patients ELISA, and Western blotting identified the molecular basis of the immune response, which was primarily directed towards fibre and penton base. Neutralisation of virus infectivity was assessed in vitro by measurement of green fluorescent protein reporter gene expression. We found that the ascitic fluid samples contain antibodies that recognise both adenovirus types 2 and 5, were predominantly IgG and directed towards the viral antigens responsible for cell adhesion, and had virus neutralising activity. Gene Therapy (2000) 7, 637-643.
with ascites arising from ovarian cancer, in order to anticipate the likely efficacy of this delivery route for adenovirus-mediated gene therapy.
Adenovirus is a common human pathogen: antibodies to serotypes 1, 2 and 5 are present in 40-60% of children, and adults are usually immune to infection with these serotypes. 6 Ad5 has been the vector of choice for adenovirus-mediated gene therapy, in part because of the availability of suitable mutants and vector constructs, and also because its molecular properties have been extensively characterised. However, the prevalence of adenovirus infection and resultant immunity is a potential limitation to the success of adenovirus-mediated gene therapy. Within the ascitic fluid in the peritoneal cavity the presence of pre-existing antibodies directed towards the input adenovirus vector could block the successful first delivery of a therapeutic gene and compromise therapy.
The human adenoviruses are classified into six subgroups based on their haemagglutination properties 7 and within each subgroup, individual serotypes are defined by the characteristics of neutralisation of the virus infection. Neutralisation as defined in vitro is determined by epitopes present on the external variable domains of the virion proteins hexon and fibre. 6, 8, 9 In order to investigate the presence of pre-existing antiadenovirus antibodies in ascitic fluid and their possible effect upon adenovirus infection, ascitic fluid obtained from ovarian cancer patients during routine peritoneal drainage was examined for the presence of antibodies recognising adenovirus from subgroups B and C. In addition, the isotype was determined to indicate the status of the immune response. The adenovirus antigens recognised by antibodies present in the ascitic fluid were identified by Western blot and ELISA. The effect of ascites on the infectivity of adenovirus types 5 and 3 was examined in vitro using a neutralisation assay.
Results
Detection of anti-adenovirus antibodies in ascitic fluid Twelve cell-free ascitic fluid samples (1 asc -12 asc ), four of which had matched serum samples (1 ser --4 ser ), were examined for the presence of anti-adenovirus antibodies. To detect the presence of antibodies recognising adenovirus serotypes 2 and 5 (Ad2 and Ad5), an enzyme linked immunosorbent assay (ELISA) was developed using heat-inactivated Ad2 or Ad5 purified virions as antigen; bound antibodies were detected with antihuman Ig peroxidase conjugate. All the samples contained antibodies which recognised Ad2 and Ad5, but the binding characteristics varied: Figure 1a shows profiles for eight ascitic samples, and a hyperimmune rabbit antiserum raised against Ad5wt virus (R1/89). While samples 5 asc and 12 asc showed a clear difference in recognition of Ad2 and Ad5, and conventional sigmoid binding curves, the other samples showed much less discrimination between Ad2 and Ad5, and displayed rather shallow profiles. Figure 1b compares the ELISA profiles for the matched sera and ascites; overall there is a close similarity within each pair, in terms of the shape of the curve, and the response to Ad2. For example, ascites 4 asc and serum 4 ser show conventional binding profiles, and recognise Ad2 better than Ad5, whereas 2 asc and 2 ser show a minimal response, and hardly distinguish between the two serotypes. Because of these variations, it was difficult to identify a precise 50% maximal end point titre; instead, the reciprocal of the highest dilution giving an OD 490 reading of 0.5 was selected as a measure of titre. This is summarised in Figure 2 , which also shows the median values for each sample group. The titre of R1/89 is 64 for Ad5, and two of the patient sera and one matched ascites equal or exceed this value. In general the matched pairs had similar titres, with the notable exception of sample 1 ser , where the serum had the highest titre (51200 versus Ad2), 30-fold greater than the matched ascites.
Isotype characterisation of anti-adenovirus antibodies
The samples were further characterised by ELISA to determine the predominant isotype of antibody present. Samples contained detectable levels of IgA, IgM and IgG when tested against both Ad2 and Ad5. Figure 3 shows the titration of matched ascites and serum 1 asc /1 ser and ascites 4 asc on Ad5 virus coated plates. The profile for 4 asc , which is typical of the majority of ascites and sera examined, shows a relatively high level of IgG compared to IgM and IgA. Serum sample 1 ser is unique in having an enhanced level of IgM; this serum had the highest overall titre against Ad2 and Ad5; it should be noted that the ascites had a 32-fold lower overall Ig titre and did not contain similar high levels of IgM.
Characterisation of adenovirus antigens recognised by antibodies
The ascites and serum samples were used in Western blotting to determine which adenovirus capsid antigens they recognised. For Ad2, the major virus structural proteins hexon, penton base and fibre were recognised by all the samples tested. Recognition of fibre and penton base was much stronger than that of hexon, although all the proteins transferred with equal efficiency. Figure 4 demonstrates the pattern of Ad2 and Ad5 antigen recognition seen with ascites 4 asc and serum 4 ser . It is clear that both ascites and serum give a stronger signal with the Ad2 proteins, concordant with the ELISA pattern. A similar correlation of Western blot recognition and ELISA titre was seen for all the samples (data not shown).
Gene Therapy 
Neutralisation of adenovirus infection
To examine the effect of antibodies present in ascitic fluid or serum on the infectivity of adenovirus in vitro, a neutralisation test based on a rapid assay for expression of green fluorescent protein (GFP) was developed. An E1-deleted replication-defective recombinant adenovirus expressing GFP was used to infect A549 cells, and virus neutralisation assessed by the reduction in GFP fluorescence obtained at 72 h after infection in the presence of ascites or serum. Virus was used at 10 4 particles per cell, a titre known to give a signal in the linear range of fluorescence. All the samples inhibited GFP expression at 72 h after infection (examples are shown in Figure 5 ). The dilution of ascites at which 50% neutralisation was seen varied between samples. Most ascites showed 50% inhibition of virus infection when diluted by a factor of 10 2 -10 3 (as in Figure 5a ). In contrast, matched pair 4 asc /4 ser had to be diluted 10 4 to obtain 50% inhibition of infectivity (Figure 5b ). Serotype specificity of neutralisation was confirmed using rabbit anti-Ad2 and anti-Ad5 sera (Figure 5b ): Complete inhibition of virus infectivity was achieved at a dilution of 10 −2 for the anti-Ad5 serum, and greater than 50% inhibition was obtained with a dilution of 10 . In contrast, the Ad2 serum blocked only 20% of infectivity at 10 −2 and failed to neutralise at 10 −4 . To ensure that complement mediated effects played no part in inhibition of virus infection, samples were subject to heat-inactivation at 56°C for 30 min. Heat-inactivated ascitic fluid retained the neutralising capacity of untreated material (Figure 6a ). To show that inhibition of virus infection was caused by neutralising antibodies, samples were depleted of antibodies by treatment with protein A conjugated to Sepharose beads. After treatment with protein A, the ascitic sample had lost 80% of its neutralising activity (Figure 6a) .
Neutralisation of Ad3, a subgroup B adenovirus, by ascites and serum was examined using an assay based on viral cytopathic effect (cpe). Complete neutralisation was seen with ascites 4 asc and serum 4 ser in A549 cells infected with 10 2 particles per cell; ascites neutralised at a dilution of 10 −2 , whereas serum was able to neutralise when diluted 10 −5 . A full cpe was seen with all samples when using virus titres of 10 3 -10 5 particles per cell. Thus the samples were unable to neutralise Ad3 at comparable levels to Ad5, where neutralisation was seen when cells were infected with 10 4 particles per cell.
Discussion
The use of recombinant adenovirus vectors in a number of gene therapy phase 1 trials has suggested that its success may ultimately be limited by the generation of humoral and cellular immune responses. [10] [11] [12] [13] [14] Cytotoxic T cells can destroy virus-infected cells [10] [11] [12] whereas neutralising antibodies may prevent successful virus infection and, should repeated delivery be required, delivery of the transgene could be blocked and therapy compro- mised. Previous exposure to adenovirus may block even the first delivery of recombinant adenovirus, although this was not observed in a clinical trial of intrapleural virus delivery for localised mesothelioma. 15 Our study examines ascitic fluid from the peritoneal cavity for the presence of antibodies which could prevent or modulate the local delivery of an adenovirus vector for the treatment of ovarian cancer. The samples came from patients with advanced ovarian cancer, who were producing an extensive ascites.
ELISA assays using Ad2 and Ad5 virus as antigen showed that all samples examined contained antibodies recognising both serotypes, which presumably is a measure of the presence of group-specific epitopes found on all human adenoviruses. 7 Where there are marked differences in the titres for Ad2 and Ad5, for example ascites 5 asc and 12 asc , it is likely that this reflects different levels of type-specific recognition. Whether this correlates with neutralising activity remains to be confirmed. There is no clear correlation between the overall antibody titre as measured by ELISA, and the neutralising activity, when all the samples are taken into consideration. This is consistent with the recent report of high IgG levels to Ad5 in a majority of normal subjects, but only 55% of IgG positive sera capable of neutralisation. 16 The ability of our samples to neutralise Ad5 and, to a lesser extent, Ad3 infectivity suggests that either there has been exposure to multiple serotypes, or that neutralisation with human sera and ascites is less type-specific than has previously been appreciated. The presence in the ascitic fluid of antibodies to the respiratory viruses Ad2 and Ad5 is most unlikely to have arisen there as the result of peritoneal infection, and is probably the result of leakage from the local microvasculature supporting the tumour and microvessels lining the peritoneal cavity. [3] [4] [5] As a large percentage of the population are infected with adenovirus during childhood, 6 it was predicted that the predominant isotype would be IgG and this was the Gene Therapy case for all the ascitic samples tested, indicating a secondary immune response. IgA and IgM were also detectable, albeit at much lower levels, except in one serum (1 ser ) where the IgM level was elevated, signifying that this patient had a very recent adenovirus infection, such that a primary immune response was detected in the serum. The lower level of IgM in the matching ascites 1 asc suggests it may not yet have passed out of the systemic circulation into the ascitic fluid.
There is limited evidence regarding the relationship between the site of infection or virus administration and antibody response: a study of BAL fluid from patients with a range of lung diseases 17 found pre-existing IgA, as well as IgG and IgM, and BAL samples capable of neutralising virus infectivity were all IgA positive (although the level of IgA did not correlate with the neutralising ability). In a separate study of mesothelioma patients, IgG and IgM were detected in serum (IgA was not reported) following intrapleural recombinant adenovirus delivery, and comparable levels of neutralising antibody were found in serum and pleural fluid. 15 A recent publication where adenovirus was administered to skin, airway epithelium, metastatic liver tumours and heart muscle showed that serum levels of neutralising antibody depended on the route of infection and the level of preexisting serum antibody, but not on the virus dose. 18 Western blotting, allowing recognition of individual virus capsid proteins, indicated the molecular basis of the humoral immune response. The predominant antigens recognised were fibre and penton base, with relatively less signal corresponding to hexon, the major capsid protein. A similar pattern was seen in two separate studies in the serum of patients both before and after treatment with recombinant adenovirus administered by the intrapleural 15 and intratumoral routes. 19 In the intratumoral study all patients recognised fibre, but some had no antihexon antibody before vector delivery and some failed to recognise penton base. 19 The ascitic fluids recognised Ad2 and Ad5 antigens, but gave a stronger signal in the Western blot with Ad2 compared with Ad5, even though equal amounts of virus protein were present. The ascitic fluids can also recognise Ad3 antigens in a Western blot indicating that patients may recognise and potentially be immune to infection with a range of adenovirus serotypes (data not shown).
Virus delivery and subsequent transgene expression could be compromised if antibodies in ascitic fluid possess neutralising activity. Neutralisation is serotypespecific and is determined by the hexon and fibre, which carry the type-specific determinants. [6] [7] [8] [9] Neutralising antifibre antibodies block the initial attachment stage, whereas anti-hexon antibodies are thought to act at later stages of internalisation. 20 In Ad5 neutralisation assays all ascites and serum samples (tested at 100-fold dilution) neutralised the infectivity of 10 4 particles per cell by at least 50%, comparable to the reduction seen with BAL fluid. 17 The effects of heat inactivation and protein A treatment on ascitic fluid and serum have shown that neutralisation of virus infection is due to antibodies alone.
Attempts to inhibit higher titres of virus were compromised because at 10 9 particles per 10 4 cells the input virus was cytotoxic, and the GFP signal was not linear with dose beyond 10 8 particles. Addition of ascites to 10 9 virus particles in fact resulted in an increased GFP signal, attributable to protection from the cytotoxic effect, but gave no net neutralisation.
Several groups have sought to circumvent type-specific neutralisation, for example by using an alternative serotype for repeat administration 21 or by replacing the hexon of an Ad5 vector with Ad12 hexon 22 thus removing Ad5 serotype specific epitopes. However, for this to be effective the patient must not have neutralising antibodies directed towards these alternative serotypes. We show here that Ad3 can also be neutralised by ascites, indicating that ascites and serum samples contain antibodies capable of neutralising virus from two different subgroups.
In conclusion, we have shown the presence of adenovirus-neutralising antibodies in ascitic fluid from patients with advanced ovarian cancer; this is an important factor which will have to be taken into consideration in the design of intraperitoneal gene therapy strategies. As delivery will likely be planned to succeed peritoneal drainage, the opportunity exists to monitor for antibody status, and also to reduce the level at the time of treatment by lavage. It is encouraging that a recent extensive study indicates that immune response to virus challenge can be predicted by the presence of pre-existing antibodies, for a variety of delivery routes;
18 it remains to be determined whether the peritoneum falls within this category, and to what extent this immune response actually compromises effective gene delivery.
Materials and methods

Patients
Twelve patients with advanced stage ovarian cancer were randomly selected and consent was given for ascitic fluid obtained during routine peritoneal drainage procedures and blood to be used for research purposes. Ascitic fluid samples were obtained from all patients, and blood samples from four.
Ascitic fluid and serum preparation Ascitic fluid was collected by intraperitoneal catheter drainage and centrifuged at 900 g (10 min, 4°C, Beckman GS-200R, High Wycombe, UK). Blood was incubated for 12 h at 4°C, the clot removed and serum clarified by centrifugation at 900 g (10 min, 10°C).
Cells and virus
A549 cells, a cell line non-permissive for replication of E1-deleted recombinant adenovirus, were passaged twice weekly in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% foetal calf serum (FCS) and 2 mm glutamine and incubated at 37°C, 5% CO 2 . 911 cells, an Ad E1 complementing cell line 23 were passaged as for A549 cells. AdCMV-GFP ⌬E1 is an E1, E3 deleted Ad5 virus expressing green fluorescent protein under the control of the CMV promoter inserted in the E1 region (unpublished data), and was propagated in 911 cells following infection in DMEM supplemented with 2% FCS and 2 mm glutamine (infection media). Cells showing a full cytopathic effect were harvested, centrifuged at 900 g (10 min, 10°C, Beckman GS-200R) and resuspended in infection media. Purified virus was obtained as described. 24 Briefly, the cell suspension was subject to three cycles of freeze/thawing, centrifugation as before, and then layered on to CsCl gradients. Purified virus was dialysed against phosphate buffered saline (PBS)/10% glycerol in Slide-A-Lyzer cassettes (Pierce and Warriner, Cheshire, UK).
Virus particle count
Virus particle number was calculated based on the protein concentration of CsCl banded virus and was determined using the BioRad protein assay (Basingstoke, UK) with BSA as standard. Virus particle number was estimated using the equation 1 mg/ml protein = 3.45 × 10 12 particles/ml. 25 Detection of whole immunoglobulin (Ig), IgA, IgM and IgG anti-adenovirus antibodies Adenovirus types 2 and 5 were diluted to 200 ng protein/ml in PBS and heat-inactivated (56°C, 30 min). 100 l aliquots were applied to each well of a 96-well flat bottom plate (3912, Falcon, Becton Dickinson, Oxford, UK) and incubated at 37°C for 2 h. Subsequent steps were all performed at room temperature. Plates were washed three times with 0.1% Tween (Sigma, Poole, UK) in PBS, and three times in PBS. Ascitic fluid and serum samples were initially diluted 10 −2 in 0.1% Tween in PBS, and subsequently diluted two-fold. 100 l of each dilution was added to the plate, incubated for 2 h and washed as before. A hyperimmune rabbit anti-adenovirus type 5 serum was used as positive control for recognition of adenovirus antigens. For the detection of whole Ig, 100 l of a 10 −4 dilution of rabbit anti-human Ig (whole molecule) antibody conjugated to horseradish peroxidase (HRP) (Sigma) was applied to the wells and incubated for 2 h. 10 ml of substrate, 10 mg OPD (Sigma) in 75 m citrate-phosphate buffer, sterile filtered through a 0.2 m filter, was mixed with 20 l 30% H 2 O 2 . 100 l substrate was added to each well, incubated for 20 min, and the reaction quenched by the addition of 50 l 4 m H 2 SO 4 . Absorbance was measured at 490 nm on an ELISA plate reader (Bio-Tek Kontron Instruments, Watford, UK).
For measurement of isotypes, antibodies were used at the recommended dilutions for optimal detection: 6 × 10 
Western blotting of adenovirus antigens
Major antigens recognised by anti-adenovirus antibodies were determined by Western blotting. Ad2 and Ad5 virus, diluted in PBS to concentrations of 125, 250, 500 and 1000 ng protein/ml, were subject to SDS-PAGE (10% Protogel, National Diagnostics, Hull, UK). Following electrophoresis, proteins were transferred by semi-dry electroblotting on to nitrocellulose membrane (Gelman Sciences, Northampton, UK) which was blocked in 5% non-fat dried milk/0.1% Tween in PBS for 90 min at room temperature. Ascitic fluid and serum samples diluted 10 −3 in 0.1% Tween/PBS were added to the membranes and incubated for 90 min at room temperature. Membranes were washed 3 × 10 min in 0.1% Tween in PBS. A 10 −4 dilution of anti-human Ig (as before) in 0.1% Tween in PBS was added to the membranes and incubated for 90 min. After washing, membranes were incubated with ECL reagents (Amersham, Amersham, UK) for 30 s, exposed to X-OMAT AR film (Kodak, Amersham, UK) for 30 s and developed.
Quantitation of virus neutralisation
A fluorescent assay using Ad CMV-GFP ⌬E1 was developed to measure virus neutralisation by ascitic fluid and serum. 96-well tissue culture plates (Nunc, Paisley, UK) were seeded with 1 × 10 4 A549 cells, 24 h before infection. Medium was removed and replaced with 100 l phenol red free DMEM (Sigma) supplemented with 2% FCS + 2 mm glutamine. Cells were infected with purified Ad CMV-GFP ⌬E1 at 10 7 and 10 8 particles per well. Ascitic fluid and serum samples were diluted in phenol red free DMEM (as above) and added to the wells at final dilutions of 10 −2 to 10 −5 . Plates were incubated at 37°C, 5% CO 2 . At 72 h after infection fluorescence levels were measured in a fluorescent plate reader (Fluoroskan, Cambridge, UK) using wavelengths of 485 nm (excitation) and 538 nm (emission). To show that virus neutralisation is serotype specific, controls using rabbit hyperimmune anti-Ad5 serum and rabbit anti-Ad2 serum were included.
Heat-inactivated ascitic fluid was prepared by incubating ascites at 56°C, 30 min and used in neutralisation assays as described above. Ascites was depleted of antibodies by incubating with protein A-conjugated Sepharose. 50 l aliquots of ascites were incubated with three sequential 50 l aliquots of protein A Sepharose at 20°C, 3 h, before use in neutralisation assays.
Neutralisation of Ad3 was determined using a viral cytopathic effect (cpe) assay. A549 cells were seeded in 24-well plates at a density of 10 5 cells per well. 24 h later media was removed and 100 l Ad3wt added (at multiplicities of infection of 10 1 to 10 5 particles per cell) along with 100 l ascites and serum (final dilutions 10 −2 to 10 −5 ). Two hours later, a further 500 l DMEM supplemented with 2% FCS and 2 mm glutamine was added. At 72 h after infection cells were fixed with 4% paraformaldehyde, stained with crystal violet and the cpe scored.
